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Abstract 
Purpose: Background noise and voice problems among teachers can degrade listening 
conditions in classrooms. The aim of this literature review is to understand how these acoustic 
degradations affect spoken language processing in 6-18-year-old children. Method: In a 
narrative report and meta-analysis, we review 31 studies that examined the effects of noise 
and/or impaired voice on children’s answer accuracy and response time (RT) in listening 
tasks. We propose the SPADE framework to classify relevant findings according to three 
processing dimensions – speech perception, listening comprehension, and auditory working 
memory – and highlights potential moderators. Results: Our meta-analysis shows that noise 
can impede children’s accuracy in listening tasks across all processing dimensions (Cohen’s d 
between –0.67 and –2.65, depending on signal-to-noise ratio), and that impaired voice lowers 
children’s accuracy in listening comprehension tasks (d = –0.35). A handful of studies 
assessed RT, but results are inconclusive. The impact of noise and impaired voice can be 
moderated by listener-, task-, environmental-, and exposure factors. The interaction between 
noise and impaired voice remains under-investigated. Conclusions: Overall, this review 
suggests that children have more trouble perceiving speech, processing verbal messages, and 
recalling verbal information when listening to speech in noise or to a dysphonic speaker. 
Impoverished speech input could impede pupils’ motivation and academic performance at 
school. 
 Keywords: spoken language processing, acoustically degraded speech, meta-analysis   
3 
REVIEWING THE EFFECTS OF POOR LISTENING CONDITIONS 
Effects of Noise and a Speaker’s Impaired Voice Quality on Spoken Language 
Processing in School-Aged Children: A Systematic Review and Meta-Analysis 
 
Children’s learning and academic attainment at school may depend on a range of 1 
factors, such as student-teacher interactions (Vandenbroucke, Spilt, Verschueren, Piccinin, & 2 
Baeyens, 2018), teachers’ classroom management skills (Korpershoek, Harms, de Boer, van 3 
Kuijk, & Doolaard, 2016), and teachers’ ability to transfer knowledge to their students (Kraft, 4 
Blazar, & Hogan, 2018). From an acoustical perspective, effective classroom listening may be 5 
hindered by classroom noise and reverberation (Gheller, Lovo, Arsie, & Bovo, 2020; Klatte, 6 
Bergström, & Lachmann 2013; Shield & Dockrell, 2003) as well as by a teacher’s poor voice 7 
quality (Martins, Pereira, Hidalgo, & Tavares, 2014; Rodrigues, Medeiros, & Teixeira, 2017). 8 
In this review, we investigate the effects of background noise and impaired (dysphonic) voice 9 
on spoken language processing in regular school-aged children.  10 
Classrooms should provide children with acoustic conditions allowing them to 11 
understand their teacher, focus on the lesson, and learn new subject matter. Therefore, the 12 
American National Standards Institute (ANSI, 2010) recommends that noise levels in 13 
unoccupied classrooms do not exceed 35 dB(A) and reverberation times do not surpass 0.6 s 14 
(0.7 s for larger classrooms). Reverberation time is defined as the time it takes for a sound 15 
signal to decay by 60 dB in an enclosed room (International Organization for Standardization 16 
[ISO], 2008). Considering that classroom noise increases in the presence of children, signal-17 
to-noise ratios (SNRs) should be at least +15 dB, meaning that the speech-sound level should 18 
surpass the noise level by 15 dB (Bradley & Sato, 2008; Mealings, 2016). Quite alarmingly, a 19 
recent review indicates that, in many classrooms around the world, unoccupied noise levels 20 
vary between 40-50 dB(A) – far beyond the threshold of 35 dB(A) – and SNRs roughly range 21 
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between +10 dB to –10 dB (Mealings, 2016). Long reverberation times may aggravate the 22 
problem of noise (Neuman, Wroblewski, Hajicek, & Rubinstein, 2010; Valente, Plevinsky, 23 
Franco, Heinrichs-Graham, & Lewis, 2012; Wróblewski, Lewis, Valente, & Stelmachowicz, 24 
2012). Such conditions may hinder speech communication in classrooms.  25 
When speaking in noise, teachers may be forced to raise their voice and adapt their 26 
speaking style to make themselves understood. This phenomenon, known as Lombard speech 27 
(Garnier & Henrich, 2014), may involve over-articulation, thereby aiding audio-visual speech 28 
perception (Garnier, Ménard, & Alexandre, 2018). Although Lombard speech may promote 29 
speech communication, speaking in noisy classrooms for several hours a day can be vocally 30 
exhausting. Unsurprisingly, classroom noise is thought to elevate teachers’ risk for voice 31 
disorders (Martins et al., 2014). Typical symptoms of voice disorders include hoarseness, 32 
roughness, breathiness, asthenia, and strain (De Bodt et al., 2015). The prevalence of voice 33 
disorders among teachers has been reported to range around 20-50%, sometimes even higher 34 
(Martins et al., 2014). At the same time, relatively few of the concerned teachers seek medical 35 
treatment (Van Houtte, Claeys, Wuyts, & Van Lierde, 2011). As they continue to teach with 36 
an impaired voice quality, students might find it difficult to follow the lesson – particularly in 37 
the presence of noise.  38 
Both noise and a speaker’s impaired voice are claimed to reduce speech intelligibility 39 
(Ishikawa, Nudelman, Park, & Ketring, in press; Shield & Dockrell, 2003), although they do 40 
so in different ways. Noise interferes with the transmission of the speech signal by generating 41 
masking effects (Mattys et al., 2012). Energetic masking reduces speech intelligibility due to 42 
the physical overlap between the acoustic characteristics of the speech and noise signal 43 
(Mattys, Brooks, & Cooke, 2009). Informational masking refers to the impeding effects of 44 
noise on a higher level of listening, after energetic masking effects have been accounted for 45 
(Mattys et al., 2009). In contrast to noise, impaired voice directly impedes the speech signal 46 
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during its production, on a laryngeal level, and can therefore be considered a source 47 
degradation (Mattys et al., 2012). For example, irregular vocal fold vibrations create air 48 
turbulences that may be perceived as “phonation noise” (Schiller, Morsomme, Kob, & 49 
Remacle, 2020). Whether or not background noise and a speaker’s impaired voice have 50 
similar impacts on children’s spoken language processing is unclear. 51 
Spoken language processing is the process in which the acoustic speech signal is 52 
translated into linguistic representations, allowing listeners to interpret speech and memorize 53 
speech-encoded information (Medwetsky, 2011). It involves a complex interplay of auditory, 54 
linguistic, and cognitive mechanisms (Fitzpatrick & Wheeldon, 2000). On a low level, 55 
auditory information is perceived and decoded, which is, for example, necessary for phoneme 56 
identification and discrimination (Holt & Lotto, 2010). On a higher level, understanding the 57 
content of speech demands the listener’s capacity to integrate semantic, syntactic, and 58 
pragmatic components (O’Malley, Uhl Chamot, & Küpper, 1989). This is critical to 59 
comprehend longer utterances, such as sentences or passages. Spoken language processing is 60 
also linked to working memory, because speech-information must be temporarily stored, 61 
manipulated, and recalled (Rönnberg et al., 2013). Narrative reviews indicate that children 62 
experience a higher listening effort (as can be indirectly assessed by means of RT measures; 63 
see e.g., Schiller et al., 2020), and make more processing errors when listening to speech that 64 
is degraded by noise (Gheller et al., 2020; Klatte et al., 2013; Shield & Dockrell, 2003) or a 65 
speaker’s impaired voice (Rodrigues et al., 2017). However, these effects have never been 66 
synthesized and quantified in a systematic review and meta-analysis.  67 
Beyond that, little is known about how noise and impaired voice affect different 68 
subtasks or dimensions of children’s spoken language processing. Traditionally, children’s 69 
processing of acoustically degraded speech has been assessed by means of intelligibility tasks, 70 
in which children are asked to repeat back speech segments of different lengths. However, as 71 
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highlighted above, spoken language processing entails more than just auditory-perceptual 72 
mapping. In fact, it can be disturbed even under circumstances of high intelligibility (Gheller 73 
et al., 2020; Klatte, Lachmann, & Meis, 2010). Researchers have become aware that 74 
evaluating the consequences of acoustic adversity within naturalistic listening contexts calls 75 
for a greater variety of listening tasks. Tasks that have been used include sentence-76 
comprehension tasks (Lyberg-Åhlander, Haake, Brännström, Schötz, & Sahlén, 2015), 77 
passage-comprehension tasks (Morsomme et al., 2011), oral-instruction tasks (Klatte et al., 78 
2007), veracity-judgement tasks (Osman & Sullivan, 2014), and recall tasks (Sullivan, 79 
Osman, & Schafer, 2015). However, unless we evaluate the findings from such tasks in a 80 
broader context, it is difficult to determine their implications for everyday listening situations.  81 
There is also a need for analysing moderators (i.e., independent variables that 82 
influence the relationship between a predictor and the dependent variable) of the effects of 83 
noise and impaired voice on children’s spoken language processing. Understanding under 84 
which circumstances children might be most vulnerable to acoustically degraded speech is 85 
critical to developing purposeful strategies for improving classroom listening.  86 
Purpose of the Present Study 87 
The aim of this study is to systematically review the effects of acoustically degraded 88 
listening conditions on spoken language processing in school-aged children. Specifically, we 89 
set out to qualitatively and quantitatively analyze how noise and a speaker’s impaired voice 90 
influence children’s answer accuracy and RT in listening tasks along different processing 91 
dimensions. We propose the Speech Processing under Acoustic DEgradations (SPADE) 92 
framework to classify and evaluate the findings from the relevant literature into broader 93 
categories and identify potential moderators. Four research questions are investigated: 94 
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 Research Question 1: To what extent does noise affect children’s spoken language 95 
processing? 96 
 Research Question 2: To what extent does a speaker’s impaired voice affect children’s 97 
spoken language processing? 98 
 Research Question 3: Is there an interaction between the effects of noise and a 99 
speaker’s impaired voice? 100 
 Research Question 4: Which factors moderate the effects of noise and a speaker’s 101 
impaired voice? 102 
The Speech Processing under Acoustic DEgradations (SPADE) framework  103 
Our SPADE framework was developed in a bottom-up as well as a top-down manner. 104 
It is an outcome of prior knowledge deduced from psycholinguistic theory (Rueschemeyer & 105 
Gaskell, 2018) and the reviewed literature on the effects of noise and impaired voice on 106 
children’s spoken language processing. The SPADE framework classifies listening tasks into 107 
three dimensions of spoken language processing, which we will call SPADE dimensions: 108 
speech perception, listening comprehension, and auditory working memory (see S1 for a 109 
description of specific listening tasks and their categorization). The purpose of the SPADE 110 
framework is twofold. First, we seek to gain a better understanding of the effects of noise 111 
and/or a speaker’s impaired voice on children’s ability to hear what is being said, understand 112 
the content of a verbal message, and memorize what they have been told. To achieve this, we 113 
will meta-analytically determine these effects along each SPADE dimension. Second, we aim 114 
to identify moderators of the effects of noise and/or impaired voice on children’s spoken 115 
language processing. This will be accomplished by means of a qualitative analysis of 116 
interactions reported across the included studies. Below, we describe each SPADE dimension.  117 
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Speech perception. The dimension of speech perception includes findings from 118 
listening tasks that primarily assessed auditory-perceptual processing. An example of 119 
auditory-perceptual processing is the mapping of speech input onto linguistic representations, 120 
such as phonemes, syllables, or words (Holt & Lotto, 2010). Listening tasks assigned to this 121 
dimension are speech-intelligibility tasks presented under acoustic adversity. Semantic and 122 
syntactic skills as well as recall skills are of secondary importance. Our synthesis of research 123 
findings within this dimension will help evaluate how well children hear under acoustically 124 
degraded conditions. 125 
Listening comprehension. The dimension of listening comprehension contains 126 
findings from listening tasks that primarily assess children’s ability to grasp the meaning of 127 
acoustically degraded spoken utterances (see e.g., Klatte et al., 2007). Listening 128 
comprehension builds on speech perception and requires semantic and syntactic integration. It 129 
is strongly linked to working memory, because information must be temporarily retained. The 130 
tasks within this dimension test children’s comprehension of longer speech segments 131 
presented under conditions of acoustic adversity. Results within this dimension will give an 132 
insight into how well children understand speech under acoustically degraded conditions.  133 
Auditory working memory. The dimension of auditory working memory focuses on 134 
research finding from listening tasks that test children’s ability to store, manipulate, and recall 135 
speech-encoded information under acoustically adverse conditions. Despite these skills being 136 
critical for listening comprehension, we decided to present auditory working memory as a 137 
separate dimension to highlight the aspect of time-delayed manipulation and recall. Results 138 
within the dimension of auditory working memory enable us to evaluate how well children 139 
memorize speech-encoded information under acoustically degraded conditions. 140 
We will return to the SPADE framework in the results section of this review. That is, 141 
we will determine the effects of noise and a speaker’s impaired voice along the three SPADE 142 
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dimensions, and we will present a collection of moderating factors identified in our qualitative 143 
analysis. A scheme of the SPADE framework that visualizes the results of this systematic 144 
review in simplified form is presented later in the discussion.  145 
Method 146 
We conducted a systematic review and meta-analysis according to the Preferred 147 
Reporting Items for Systematic Reviews and Meta-analysis (PRISMA) statement (Moher, 148 
Liberati, Tetzlaff, Altman, 2009). Our protocol is available on PROSPERO (registration 149 
number: CRD42019137275). The meta-analysis was added post hoc in response to the 150 
reviewers’ request.  151 
Inclusion and Exclusion Criteria 152 
Participants. We included studies that investigated regular school-aged children (6-153 
18 years old), while studies that contained adult participants were excluded (e.g., Leibold & 154 
Buss, 2013). We also excluded studies that examined children with hearing impairments or 155 
developmental disorders, such as specific language impairment (e.g., Leibold, Hillock-Dunn, 156 
Duncan, Roush, and Buss, 2013).  157 
Exposure. We included studies that assessed the impact of noise (in the following 158 
referred to as noise studies), a speaker’s impaired voice (in the following referred to as voice 159 
studies), or the combined impact of noise and impaired voice in listening tasks. Noise was 160 
defined as any interfering sound that masks speech (e.g., classroom noise or speech noise). 161 
The meta-analysis only includes studies that implemented exposure conditions of ≤ 10 dB 162 
signal-to-noise ratio (the lower the SNR the higher the noise exposure). This threshold reflects 163 
the upper range of a classroom-typical noise exposure (Mealings, 2016). Impaired voice was 164 
defined as any perceptual deviance from a speaker’s normal voice quality. Speech stimuli of 165 
impaired voice could result from (a) a healthy speaker imitating dysphonia, (b) a healthy 166 
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speaker who underwent a vocally demanding task that temporarily provoked an impaired 167 
voice, or (c) a dysphonic patient (Schiller, Remacle, & Morsomme, 2019).  168 
Comparison. Studies needed to implement a control or comparison condition with a 169 
lower degree of exposure. For noise studies, this implied a listening condition with no added 170 
noise or with a higher SNR than in the control. The meta-analysis only includes studies that 171 
implemented a comparison condition with no added noise or ≥ 15 dB SNR. The threshold of ≥ 172 
15 dB SNR was applied, because it is the minimum SNR considered to provide a good 173 
classroom listening condition for children (Bradley & Sato, 2008; Mealings et al., 2016). For 174 
voice studies, the comparison condition needed to be a condition in which children listened to 175 
a speaker with a normal voice quality.  176 
Outcome measures. We included studies that measured answer accuracy as a 177 
measure of task performance (primary outcome) and RT as a measure of listening effort 178 
(secondary outcome). We excluded studies that measured the outcome SNR in dB to assess 179 
the threshold at which listeners would perform at a certain level (e.g., Leibold et al., 2013).  180 
Study design and publication aspects. We included interventional studies with 181 
repeated-measures or between-subjects designs. Eligibility was restricted to English-language 182 
studies published in scientific journals.  183 
Literature Search 184 
To identify eligible studies published up to November 2019, we searched the 185 
databases PsycINFO/Ovid, Medline/Ovid, Eric/Ovid, and Scopus (search dates: 02/2018, 186 
08/2018, 11/2019). Our search strategies combined text words and – when relevant – 187 
controlled vocabulary (see Appendix A for our Medline/Ovid search strategy). Boolean 188 
operators connected the search terms of interest as follows: child AND spoken language 189 
processing AND (noise OR impaired voice). Additional studies were sought by hand 190 
searching the reference lists of all eligible studies.  191 
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Study Selection and Data Extraction 192 
As a first step, two investigators (IS [first author] and DM [last author]) independently 193 
screened the title and the abstract of each study according to predefined eligibility criteria to 194 
exclude irrelevant studies. As a second step, the same two investigators independently read 195 
the full texts of all the studies selected in the first step. Disagreements about the inclusion of a 196 
study were discussed and, when necessary, conflicts were solved together with a third 197 
investigator (AR [second author]).  198 
 Coding procedure. We used an a-priori coding scheme to code the eligible studies for 199 
(1) year of publication (2) participant characteristics (i.e., number of participants included in 200 
the statistical analysis, age, and gender ratio), (3) experimental setting, including room 201 
specifications (i.e., whether the experiment was conducted in a classroom, sound-proof booth, 202 
quiet room at school), form of testing (i.e., group vs. individual testing), and auditory 203 
presentation mode (i.e., earphones vs. loudspeakers), (4) task type (e.g., word-picture 204 
matching; see supplemental Table S1 for definitions) and assigned SPADE dimension (i.e., 205 
speech perception, listening comprehension, or auditory working memory), (5) type of 206 
exposure (i.e., source of noise or impaired voice), (6) listening conditions, including the SNR 207 
levels (noise studies) and the degree of voice impairment (voice studies), (7) outcome (i.e., 208 
answer accuracy and/or RT), (8) effect-size data (i.e., means and standard deviations [SDs]; 209 
when only median and interquartile ranges [IQR] were available, we followed Hozo, 210 
Djulbegovic, and Hozo’s [2005] approach and converted them into means and SDs.), (9) main 211 
finding regarding the effect in question.  212 
The data extraction and coding were independently performed by two investigators 213 
(IS and DM). Conflicts were discussed and solved in consensus with a third investigator 214 
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(AR). Authors of studies were contacted to obtain any information that could not be retrieved 215 
from the text. 216 
Quality Assessment 217 
Two reviewers (IS and DM) independently appraised the quality of included studies 218 
using a shortened version of the Quality Assessment Tool for Observational Cohort and 219 
Cross-Sectional Studies of the National Heart, Lung, and Blood Institute of the National 220 
Institutes of Health (NHLBI, 2019). Despite this assessment tool being developed for 221 
observational and cross-sectional studies, we chose it because it included most aspects we 222 
considered critical to appraise the quality of the included studies (e.g., whether the study 223 
population was clearly described and recruited based on pre-defined criteria, or whether key 224 
confounding variables were considered). The original tool contains 14 questions (see 225 
Appendix B). We removed questions 6, 7, 10, and 13 because they were irrelevant to our 226 
studies of interest (i.e., studies providing a snapshot of exposures on children’s spoken 227 
language processing at a fixed point in time). The remaining questions were answered with 228 
yes, no, cannot determine, not reported, and not applicable. Overall study quality was rated on 229 
a 3-point scale (i.e., good, fair, poor), based on personal appraisal. Note that with the NHLBI 230 
quality assessment tool, the overall quality is not rated on fixed criteria. Raters are supposed 231 
to evaluate the internal validity of each study based on the risk of bias resulting from their 232 
responses to the sub-question of the tool.  233 
Data Synthesis and Statistical Analysis 234 
The qualitative analysis includes a description of the included studies in the form of a 235 
table, which is organized into studies investigating the effect of noise, impaired voice, and 236 
their combined effect. In addition, with respect to the SPADE framework, the qualitative 237 
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analysis entails a narrative report on moderators of the effects of noise and impaired voice that 238 
have been identified across the included studies.  239 
The quantitative analysis was performed on a subset of the studies included in this 240 
systematic review (i.e., studies from which we could determine effect sizes). Using RStudio 241 
software, version 1.2.5019 (RStudio Team, 2019), we statistically quantified the effects of 242 
noise and impaired voice on children’s answer accuracy and RT by means of random-effects 243 
models. Random-effects models were used because heterogeneity was expected between the 244 
studies. The Standardized Mean Difference (SMD, Cohen's d) with a 95% CI and p-value was 245 
assumed as an effect size, considering the variety of listening tasks applied across the studies. 246 
Heterogeneity was assessed using Cochrane's Q statistic and I², a percentage estimate of 247 
inconsistency across studies (an I² of 0% indicates no observed heterogeneity, while an I² of 248 
100% indicates maximal observed heterogeneity; Higgins et al., 2003). We ran several meta-249 
analyses and subgroup-analyses to identify differences in the effects of noise and impaired 250 
voice with regard to the SPADE dimensions and, in the case of noise-studies, SNR.  251 
To assess the impact of noise on children’s answer accuracy, we stratified data into 252 
five SNR-bins: (1) +6 to +10 dB, (2) +1 to +5 dB, (3) 0 dB, (4) –1 to –5 dB, (5) –6 to –12 dB, 253 
taking into account that children’s susceptibility to noise varies with exposure level. Separate 254 
meta-analyses were performed for each SNR bin. Whenever possible, we carried out 255 
subgroup-analyses to test whether effects would vary with respect to SPADE dimension. 256 
Differences between groups were assessed using χ2 –tests. Some studies assessed the effects 257 
of (1) children listening through an L2 (i.e., a second language) instead of their native 258 
language, (2) different noise sources, (3) different processing dimensions, or (4) different 259 
SNRs falling within the range of the same SNR bin. In these cases, data considered for the 260 
meta-analysis was restricted to (1) data from children listening through their native language, 261 
(2) classroom noise, (3) the dimension of listening comprehension, or (4) the lower SNR 262 
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condition. These restrictions were necessary to avoid data from the same participants feeding 263 
into the meta-analysis more than once. The effect of noise on RT was assessed in a single 264 
meta-analysis; no SNR-stratification was applied due to the low number of studies, but a 265 
subgroup analysis according to SPADE dimension.  266 
To assess the impact of a speaker’s impaired voice on children’s answer accuracy in 267 
listening tasks, we ran separate meta-analyses for listening comprehension and auditory 268 
working memory (speech perception was only assessed in one study; Morsomme et al., 2011). 269 
In contrast to how we proceeded with the noise studies, we took into account variation 270 
regarding SPADE dimensions by performing separate meta-analyses. The reason was that 271 
several of the impaired-voice studies assessed the effects of impaired voice within more than 272 
one processing dimension and we needed to ensure that data from the same participants would 273 
be considered only once in each meta-analysis. Some studies assessed the effect of (1) degree 274 
of dysphonia or (2) children listening through an L2 instead of their native language. In these 275 
cases, data considered for the meta-analysis was restricted to (1) the more severe dysphonic-276 
voice exposure, and (2) data from children listening through their native language. No meta-277 
analysis was carried out on the impact of impaired voice on children’s RT, as there was only 278 
one relevant study available (Sahlén et al, 2017).  279 
Results 280 
Our literature search resulted in a total of 5853 records identified through database 281 
searching, and another three studies identified through reference-list searching (Figure 1). 282 
After removing duplicates and performing the study-screening steps, we included 31 studies 283 
in our systematic review, twenty of which fed into the meta-analysis. In the following, we 284 
first describe and qualitatively synthesize the studies included in the systematic review. We 285 
also present the results from the study-quality assessment. Second, we quantitatively 286 
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synthesize the studies included in the meta-analysis. Third, we narratively report on 287 
moderators of the effects of noise and impaired voice.  288 
Qualitative Synthesis 289 
Thirty-one studies were included in the qualitative synthesis (see Table 1). The effect 290 
of noise was assessed in 21 studies, the effect of impaired voice in eight studies, and the 291 
combined effect of noise and impaired voice in two studies. The qualitative synthesis 292 
comprises data from over 3,000 listeners between the age of six and 17 years. A variety of 293 
listening tasks (e.g., word-picture matching, passage comprehension, etc.) and interventional 294 
settings (e.g., group testing in a classroom, individual testing in a sound-proof booth, etc.) 295 
were applied. The most frequent noise source was multi-talker babble (n = 13), followed by 296 
speech-shaped noise (n = 5), and classroom noise (n = 4). SNRs ranged from +30 dB to –10 297 
dB. Impaired-voice was either imitated (n = 4), provoked (n = 5), or obtained from dysphonic 298 
patients (n = 1). Dysphonia severity ranged from mild to severe. Answer accuracy was 299 
assessed in 97% of the studies. RT was assessed in 23% of the studies.  300 
Most noise studies reported negative effects of noise on children’s answer accuracy 301 
and RT (see last column of Table 1). Likewise, most voice studies found that impaired voice 302 
lowered children’s answer accuracy, and – in the one relevant study (Sahlén et al., 2017) – 303 
prolonged RT. Neither of the two studies that assessed the combined effect of noise and 304 
impaired voice revealed a statistically significant interaction in children’s answer accuracy 305 
(Brännström, von Lochow et al., 2018; von Lochow et al., 2018).  306 
Quality assessment. Figure 2 shows the results from the quality assessment of the 307 
included studies. Overall study quality was rated good in 71% of the studies and fair in the 308 
remaining 29%. All studies clearly stated the study aim (Q1). Fifty-two percent of the studies 309 
used suitable outcome measures (Q11; i.e., the tools or methods applied for assessing 310 
outcomes were accurate and reliable). Different levels of exposure (i.e., different SNRs) were 311 
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assessed in 45% of the studies and not applicable in 48% (Q8). Key confounding factors, such 312 
as gender or potential speech-language difficulties, were considered and analyzed in 32% of 313 
studies. However, this aspect could not be determined in another 39% (Q14).  314 
The quality assessment also revealed some methodological weaknesses. Fifty-two 315 
percent of the studies did not provide a power estimation or effect size measure (Q5). In 48% 316 
of the studies, the study population was not clearly specified (Q2), mainly due to an 317 
insufficient assessment of language skills. Eligibility criteria were not clearly reported in 48% 318 
(Q4).  319 
Results were inconclusive regarding participation rate (Q3; i.e., at least 50% of 320 
eligible children actually participated in the study), suitability of exposures (Q9), and blinding 321 
of outcome assessors (Q12). Participation rate of eligible persons was not reported in 74% of 322 
studies, although the > 50% participation criterion was likely met by most of them. In 39% of 323 
studies, we could not determine whether the exposure measure was suitable and reliable. 324 
None of the studies reported whether outcome assessors were blinded.  325 
Meta-Analysis 326 
The quantitative analysis is based on 20/31 studies (from the 11 remaining studies, we 327 
could either not obtain effect-size data or there was no control condition of ≥ 15 dB SNR). 328 
Results for each exposure are reported separately. First, we present the effects of noise on 329 
children’s spoken language processing, taking into account differences regarding SNR and 330 
SPADE dimension. Second, we present the effects of impaired voice.  331 
Effects of noise on children’s spoken language processing. Noise significantly 332 
impeded children’s answer accuracy in each SNR bin (i.e., +6 to +10 dB, +1 to +5 dB, 0 dB; 333 
–1 to –5 dB, and –6 to –12 dB), with medium to large effect sizes of between –0.67 and –2.65 334 
(Cohen’s d) and p-values below 0.01 (see Table 1 and, for additional forest plots, the 335 
supplemental Figures S1-S5). Taken together, results from these meta-analyses indicated that 336 
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effect sizes increased as SNRs decreased (i.e., became more adverse). Results from subgroup 337 
analyses were only meaningful for two of the five SNR bins (i.e., +6 to +10 dB and 0 dB) and 338 
no significant subgroup differences was found (i.e., +6 to +10 dB SNR: χ2 = 0.25, p = 0.62; 0 339 
dB SNR: χ2 = 3.01, p = 0.08). Regarding the remaining SNR bins, subgroups were either 340 
made up of only one study (this applies to the +6 to +10 dB bin and the –1 to –5 dB bin) or all 341 
studies assessed the same dimension (this applies to the –6 dB to –12 dB bin). With one 342 
exception, there was considerable heterogeneity across the studies (I2 values of 89% and 343 
above, with p-values below 0.01). No heterogeneity was found in the +6 to +10 dB SNR bin. 344 
However, a look at the forest plot (Figure S1) indicates that this is due to the high variance in 345 
the study of Nelson et al. (2005). 346 
The effect of noise on children’s RT in listening tasks was only small (d = 0.2, CI [–347 
0.11, 0.5]) and statistically not significant (z = 1.28, p = 0.20). Figure S6 presents the forest 348 
plot, grouped by speech perception (3 studies), listening comprehension (1 study), and 349 
auditory working memory (1 study). Substantial heterogeneity was found across the studies 350 
(I² = 67%, p = 0.02).  351 
Effects of impaired voice on children’s spoken language processing. Two meta-352 
analyses were carried out to investigate the effect of impaired voice on children’s 353 
performance in listening comprehension tasks and auditory working memory tasks. As shown 354 
in Table 3 and the corresponding forest plots (Figures S7 and S8), children’s answer accuracy 355 
in the dimension of listening comprehension significantly dropped when the speaker’s voice 356 
was dysphonic (d = –0.35, CI [–0.59; –0.11], z = –2.28, p < 0.01), which was not the case for 357 
the dimension of auditory working memory (d = –0.13, CI [–0.72; –0.46], z = –0.42, p = 358 
0.67). Substantial heterogeneity was found across the studies (listening comprehension: I² = 359 
73%, p < 0.01; auditory working memory: I² = 67%, p = 0.08). Although we could not run a 360 
meta-analysis on the dimension of speech perception, it is worth mentioning that the study 361 
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that assessed this dimension (Morsomme et al., 2011) revealed a significant drop in children’s 362 
answer accuracy when the speaker’s voice quality changed from normal to impaired (M = 363 
7.83, SD = 2.7 vs. M = 4.54, SD = 1.71).  364 
Narrative Report 365 
 Moderators of the effects of noise and impaired voice. To better evaluate the 366 
challenges of classroom listening, it is important to consider other factors that may influence 367 
children’s processing of speech in noise and a speaker’s impaired voice. In the qualitative 368 
analysis of the 31 studies included in this systematic review, we identified several moderators. 369 
These relate to the listener (i.e., age, gender, language proficiency), the task (i.e., cognitive 370 
demands induced by the listening task), the environment (i.e., reverberation), and the 371 
exposure (i.e., noise source).  372 
Age. Several studies demonstrated that the effect of noise on children’s spoken 373 
language processing is age-dependent (Bradley and Sato, 2008; Howard et al., 2010; Nelson 374 
et al., 2005; Peng et al., 2016; Peng & Jiang, 2016; Peng & Wu, 2018; Yacullo & Hawkins, 375 
1987). The younger the child, the higher their susceptibility to noise. For example, Bradley 376 
and Sato (2008) found that children’s answer accuracy from an optimal to a 0-dB-SNR 377 
listening condition dropped by 10%, 16%, and 24% in 11-, 8-, and 6-year-olds, respectively. 378 
There was no evidence suggesting that the effect of impaired voice might be age-dependent.  379 
Gender. The processing of spoken language under degraded listening conditions may 380 
be affected by children’s gender, although results were inconclusive. Sahlén et al. (2017) 381 
showed that listening to an impaired voice significantly increased RT in girls. However, 382 
Morsomme et al. (2011) did not observe a significant interaction between voice quality and 383 
children’s gender on answer accuracy. Likewise, Prodi, Visentin, Borella, et al. (2019) found 384 
no significant interaction between noise and gender on answer accuracy or RT.  385 
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Language proficiency. The degree to which noise affects children’s spoken language 386 
processing may vary with the child’s familiarity with the speaker’s language (Crandell & 387 
Smaldino, 1996; Nelson et al., 2005). Crandell and Smaldino (1996) found that speech 388 
perception among L2 learners was significantly more susceptible to decreasing SNRs than 389 
among children who listened through their native language. Likewise, Nelson et al. (2005) 390 
observed that children’s speech perception in noise (but not in quiet) deteriorated when 391 
speech was presented in their L2. On the other hand, no such interaction was found regarding 392 
a speaker’s impaired voice quality (Chui & Ma, 2018). 393 
Cognitive demands. High task demands appear to be met less readily when listening 394 
to speech in noise (Howard et al., 2016; Prodi, Visentin, Peretti, et al., 2019; Sullivan et al., 395 
2015) or to a dysphonic speaker (Lyberg-Åhlander, Haake, et al., 2015; Sahlén et al., 2017). 396 
Howard et al. (2016) found that the effect of noise on children’s speech perception was 397 
significantly more impeding when children were asked to simultaneously retain digits. 398 
Regarding voice quality, Lyberg-Åhlander, Haake, et al. (2015) and Sahlén et al. (2017) 399 
showed that impaired voice may impede children’s sentence comprehension, but only in 400 
difficult sentences. The interplay between task demand and listening conditions depends on 401 
children’s cognitive ability to respond to these demands (Brännström, Kastberg et al., 2018).  402 
Reverberation time. Although poor room acoustics – particularly long reverberation 403 
times – may generally impede children’s spoken language processing (Bradley & Sato; Peng 404 
et al., 2016; Peng & Jiang, 2016; Peng & Wu, 2018), results regarding interactions with noise 405 
were inconclusive. In Peng et al. (2016), the effect of noise on children’s answer accuracy in a 406 
speech perception task significantly increased as the reverberation time changed from 0.83 s 407 
to 1.30 s, while Picou et al. (2019) found no such interaction for reverberation times of 0.1 s 408 
vs. 0.83 s. Yet another study suggested that the effect of reverberation time on children’s 409 
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speech-in-noise perception might depend on the SNR (Hurtig et al., 2016). There was no 410 
study on the interaction between impaired voice and reverberation time. 411 
Noise source. The effect of noise may depend on the noise source (Klatte et al., 2007; 412 
Peng et al., 2016; Prodi, Visentin, Borella, et al., 2019; Zhang et al., 2019). In Peng et al. 413 
(2016), speech-shaped noise and babble noise had greater impacts on children’s answer 414 
accuracy in a speech perception task than impact, fan, or traffic noise. Pointing in a similar 415 
direction, several other studies indicate that classroom- and babble noise may be more 416 
detrimental for children’s answer accuracy and RT than traffic noise (Klatte et al., 2007; 417 
Prodi, Visentin, Borella, et al., 2019; Zhang et al., 2019).  418 
Summary of the Results 419 
Taken together, the qualitative and quantitative syntheses demonstrated that both 420 
noise and a speaker’s impaired voice have serious consequences for children’s spoken 421 
language processing. Acoustically degraded speech can lower children’s performance in all 422 
three SPADE dimensions. Regarding Research Question 1, noise effects on children’s answer 423 
accuracy were medium to large (Cohen’s d varied between –0.67 and –2.65), and deteriorated 424 
with decreasing SNR. Regarding Research Question 2, impaired-voice effects were small and 425 
only statistically significant in the dimension of listening comprehension (d = –0.35, CI [–426 
0.59, –0.11]). Regarding Research Question 3, there was no evidence for an interaction 427 
between noise and a speaker’s impaired voice, but this was based on only two studies. 428 
Regarding Research Question 4, the effect of noise may be moderated by children’s age and 429 
language proficiency, the cognitive demands induced by the task, reverberation, and the noise 430 
source. The effect of impaired voice may be moderated by children’s gender and the cognitive 431 
demands induced by the task.   432 
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Discussion 433 
Children’s ability to process acoustically impoverished speech has received increasing 434 
attention in the context of education, due to the high levels of classroom noise (Mealings, 435 
2016) and the problem of dysphonia among teachers (Martins et al., 2014). In this systematic 436 
review and meta-analysis, we synthesized and quantified the effects of noise and a speaker’s 437 
impaired voice on spoken language processing in regular school-aged children, based on 438 
accuracy and RT measures. We found evidence that noise and impaired voice exert their 439 
influence along different areas of spoken language processing, spanning from the basic 440 
identification of phonemes to the complex comprehension of text. 441 
Effects of Noise on Children’s Spoken Language Processing  442 
Regarding Research Question 1 (i.e., to what extent does noise affect children’s 443 
spoken language processing), our meta-analysis revealed that noise-induced impediments on 444 
answer accuracy decreased with increasing SNR, but even in the most favorable SNR bin 445 
(i.e., +6 to +10 dB SNR), effect sizes were still medium to large. Viewed from another angle, 446 
small SNR gains of about 5 dB may already improve children’s spoken language processing 447 
in noise. Our meta-analysis revealed a small RT increase in noise, which was however not 448 
statistically significant. The substantial heterogeneity in study outcomes probably contributed 449 
to the fact that the significance level was not reached. Interestingly, however, one of the 450 
included studies showed that noise slowed down children’s processing of spoken language 451 
even when performance was unaltered (Prodi, Visentin, and Borella, et al., 2019), which was 452 
confirmed in a later study by Schiller et al. (2020). More RT studies should be carried out to 453 
better understand subtle noise effects.  454 
In summary, these findings are worrisome, especially since most classrooms exhibit 455 
SNRs roughly varying between +10 dB to –10 dB (Mealings, 2016). Educational stakeholders 456 
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are in demand to find solutions to tackle the problem of classroom noise. Our review 457 
underlines the important of adhering to official guidelines for classroom acoustics, such the 458 
ANSI guideline (2010), which states that maximum unoccupied noise levels should not 459 
exceed 35 dB(A) and reverberation time should not exceed 0.6-0.7 s. In light of our review, 460 
we agree with authors of previous studies who stressed that SNRs in classrooms should be at 461 
least +15 dB, preferably higher (Bradley & Sato, 2008; Mealings, 2016).  462 
Our subgroup analyses showed that noise may affect all SPADE dimensions, although 463 
we could not confirm that one SPADE dimension might be particularly susceptible to noise. 464 
Whenever applicable, out meta-analysis showed no significant subgroup difference between 465 
speech perception and listening comprehension (auditory working memory was not assessed 466 
in a sufficient number of studies). Even minor noise disruptions generated large effects sizes 467 
in both dimensions. This highlights that, beyond bottom-up processing, listening to speech in 468 
noise impedes top-down processing, probably due to the increased mental effort. Children 469 
become less efficient in processing verbal information. The concept of listening effort is 470 
thoroughly discussed in Pichora-Fuller et al. (2016).  471 
In real-life classroom listening, various factors may enhance or attenuate the effect of 472 
noise. Regarding Research Question 4 (i.e., which factors moderate the effects of noise and a 473 
speaker’s impaired voice?), our qualitative analysis showed that the effect of noise may 474 
interact with factors relating to the listener (i.e., language proficiency and age), the 475 
environment (i.e., reverberation), the exposure (i.e., noise source), and the task (i.e., the 476 
cognitive demands induced by the task).  477 
Age was the most frequently investigated moderator of children’s speech-in-noise 478 
perception. Literature suggests that up to the age of 12, pupils require at least +10 dB SNR for 479 
optimal speech perception (Howard et al., 2010; Nelson et al., 2005; Peng et al., 2016; Peng 480 
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& Jiang, 2016; Peng & Wu, 2018; Yacullo & Hawkins, 1987). Younger children, aged 481 
between 6 and 10 years, may already show performance deficits at relatively favorable SNRs 482 
of +19 to +15 dB (Bradley and Sato, 2008; Peng & Wu, 2018). These findings generally align 483 
with narrative reviews (Gheller et al., 2020; Shield & Dockrell, 2003; Klatte et al., 2013), 484 
according to which children up to about 13 years are particularly susceptible to noise. The age 485 
effect relates to the trajectory of spoken language development: younger children’s auditory 486 
and language systems are less developed and their ability to integrate sensory auditory 487 
information is less mature than in adults (Talarico et al., 2007).  488 
Noise source was also identified as a moderator of noise effects on children’s spoken 489 
language processing. The finding that different noise sources induce different masking effects 490 
was made in several of the included studies (Klatte et al., 2007; Peng et al., 2016; Prodi, 491 
Visentin, Borella, et al., 2019; Zhang et al., 2019). This variation is probably associated with 492 
the degree of energetic masking and informational masking of each individual noise source in 493 
relation to the speech signal (Mattys et al., 2009, 2012). We wish to stress that noise sources 494 
children typically encounter at school (i.e., classroom noise, competing speech, and babble 495 
noise) were more impeding than those less relevant for classroom listening (e.g., train noise; 496 
Klatte et al., 2007; Prodi, Visentin, Borella, et al., 2019; Zhang et al., 2019).  497 
Another factor that moderated speech-in-noise perception was children’s language 498 
proficiency. Two studies concurringly indicated that children are more disturbed by noise 499 
when listening through a second language instead of their native language (Crandell & 500 
Smaldino, 1996; Nelson et al., 2005). It is assumed that the earlier a child acquires an L2, the 501 
better their phonologic coding abilities and the more robust their speech-in-noise perception 502 
(Gheller et al., 2020). Beyond that, we assume that L2 learners experience a lower benefit 503 
from top-down effects (e.g., semantic and syntactic priming). The increasing number of L2 504 
learners in classrooms (Geay, McNally, & Telhaj, 2013) stresses the need for noise control. 505 
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The cognitive demands associated with the listening task may moderate the effect of 506 
noise on children’s spoken language processing (Howard et al., 2016; Prodi, Visentin, Peretti, 507 
et al., 2019; Sullivan et al., 2015). However, compared to the moderators discussed thus far, 508 
findings from the included studies do not warrant a firm conclusion. The critical question 509 
seems to be, whether a child has the cognitive ability to meet the demands induced by a given 510 
task. Future studies should focus on this aspect.  511 
Finally, reverberation may moderate the effect of noise on children’s spoken language 512 
processing. However, while reverberation is generally a well-recognized predictor of 513 
classroom listening (Gheller et al., 2020), evidence from the included studies on its interaction 514 
with noise was weak. In one study, the effect of noise increased with longer reverberation 515 
time (Peng et al., 2016), while in another study it did not (Picou et al., 2019). A third study 516 
indicated that interplay between reverberation and noise might depend on SNR (Hurtig et al., 517 
2016). While these findings provide little clarity, several studies not included in this review 518 
(mostly because the study population contained adults) have already demonstrated that 519 
reverberation might boost the effect of noise on spoken language processing (Neuman et al., 520 
2010; Valente et al., 2012; Wróblewski et al., 2012).  521 
Effects of Impaired Voice on Children’s Spoken Language Processing 522 
In line with the impeding effect of noise, a speaker’s impaired voice can also lower 523 
children’s answer accuracy in listening tasks. Regarding Research Question 2 (i.e., to what 524 
extent does a speaker’s impaired voice affect children’s spoken language processing), our 525 
meta-analysis revealed a small to medium, yet significant effect of impaired voice on 526 
children’s listening comprehension. The effect of impaired voice on auditory working 527 
memory was small and not statistically significant. Unfortunately, we could not quantify the 528 
effect of impaired voice on speech perception, because only one study assessed this 529 
dimension (Morsomme et al., 2011). This was also true for RT, which was only assessed by 530 
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Sahlén et al. (2017). Still, the results from these studies provide a first indication that listening 531 
to a dysphonic voice lowers children’s accuracy in speech perception tasks (Morsomme et al., 532 
2011) and prolongs their RT in listening comprehension tasks (Sahlén et al., 2017. More 533 
recent works support these findings (Schiller et al., 2020; Schiller, Morsomme, Kob & 534 
Remacle, 2021).  535 
Regarding Research Question 4 (i.e., the effect of moderators), children’s processing 536 
of dysphonic speech may be moderated by the cognitive demands a listening task places on 537 
the child. Evidence suggests that listening to an impaired voice becomes significantly harder 538 
for children – both in terms of performance and listening effort – when the task induces a high 539 
processing load (Lyberg-Åhlander, Haake, et al., 2015; Sahlén et al., 2017). The reason may 540 
be that children “allocate capacity to the processing of the voice signal at the expense of 541 
listening comprehension, particularly when the linguistic difficulty is of borderline 542 
complexity for the child” (Lyberg-Åhlander, Brännström, et al., 2015, p.2). Note that, in a 543 
recent study, Schiller et al. (2021) also observed a significant interaction between cognitive 544 
demands and the speaker’s voice quality on children’s listening comprehension. However, 545 
results pointed in a different direction: children’s comprehension of medium and difficult 546 
sentences did not vary with respect to the speaker’s voice quality, while their comprehension 547 
of easy sentences was significantly better in the impaired-voice condition than in the normal-548 
voice condition. The interaction between cognitive demands and the speaker’s voice quality 549 
should be investigated in future works. 550 
The impact of a speaker’s impaired voice on children’s spoken language processing 551 
may also be moderated by children’s gender. However, this finding was based on a single 552 
study, in which dysphonic speech prolonged response times in girls but not boys (Sahlén et 553 
al., 2017). In another reviewed study that assessed children’s answer accuracy as a function of 554 
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the speaker’s voice quality, no interaction with gender was found (Morsomme et al., 2011). 555 
Future studies should take into account potential gender effects.  556 
Surprisingly, there was no indication of the degree of dysphonia moderating children’s 557 
spoken language processing. This aspect was investigated in two of the studies included in 558 
this review (Chui & Ma, 2018; Rogerson & Dodd, 2005). In both studies, a speaker’s 559 
impaired voice quality impeded children’s listening comprehension, but this effect was not 560 
stronger with a higher degree of dysphonia. This has important implications for the 561 
educational setting. Even if a teacher only has a minor voice problem, this may degrade the 562 
speech signal and consequently disturb children’s classroom listening.  563 
Combined Effect of Noise and Impaired Voice on Children’s Spoken Language 564 
Processing 565 
In this systematic review and meta-analysis, we were not only interested in the 566 
isolated effects on noise and a speaker’s impaired voice but also intrigued by whether these 567 
two types of acoustic degradations might interact (Research Question 3). Intuitively, listening 568 
to speech in noise should be particularly challenging when the speaker’s voice quality was 569 
impaired. To our surprise, the two reviewed studies that addressed this question did not find 570 
an interaction between noise and a speaker’s voice quality (Brännstöm, von Lochow et al., 571 
2018; von Lochow et al., 2018). In fact, there was not even a main effect of voice quality. 572 
With respect to the notion that, during classroom listening, children are often exposed to noise 573 
and a teacher’s impaired voice at the same time, the interplay between these two factors 574 
deserves further investigation. Schiller et al. (2020) recently picked up on that research topic 575 
and showed that 6-year-olds were significantly more disturbed by noise when the speaker’s 576 
voice was impaired rather than normal.  577 
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Integrating Qualitative and Quantitative Findings Regarding the Effects of Noise and 578 
Impaired Voice 579 
A visual summary of the effects of noise and a speaker’s impaired voice on children’s 580 
spoken language processing is provided in the form of a schematic presentation of the SPADE 581 
framework (Figure 3). The scheme highlights that both noise and a speaker’s impaired voice 582 
can affect spoken language processing, although there is no proof of an interaction. The 583 
effects of noise and impaired voice may be moderated by other factors that relate to the 584 
listener, the task, the environment, and the exposure.  585 
Our findings, as synthesized by means of the SPADE framework, are in line with 586 
earlier narrative reviews indicating that noise and a speaker’s impaired voice disrupt 587 
children’s listening efficiency (Gheller et al., 2020; Rodrigues et al., 2017; Shield & Dockrell, 588 
2003; Klatte et al., 2013). It also expands on these findings, by quantifying these effects along 589 
different dimensions of spoken language processing and by identifying moderators. Applied 590 
to classroom listening, the sum of our findings suggests that children have trouble hearing 591 
their teacher, understanding the content of their speech, and memorizing information if noise 592 
levels are too high or if the teacher’s voice quality is poor. This would be particularly true for 593 
speech and classroom noise and for children who are in the lower grades. The more capacity 594 
is needed to process the content of speech, the more likely it is that a teacher’s impaired voice 595 
causes disruptions. Monitoring a teacher’s vocal health in addition to reducing classroom 596 
noise is therefore essential. 597 
Limitations 598 
In the following, we discuss limitations of this systematic review and meta-analysis, 599 
which relate to the quality of the included studies and to our methodological choices.  600 
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First, regarding study quality, we could not always evaluate whether critical 601 
confounding factors (i.e., variables that may also affect the outcome variable but were not 602 
accounted for) were taken into consideration. For example, especially among noise studies, 603 
participants’ language skills were often not adequately assessed. Thus, some of the 604 
investigated children might have had specific language impairments, which might have 605 
influenced the results. In many cases, inclusion and exclusion criteria were either not clearly 606 
specified or not rigorously reported.  607 
Second, we did not find a quality assessment for interventional studies that entirely 608 
matched our needs. After carefully comparing different tools, we eventually opted for the 609 
NHLBI assessment tool for Observational Cohort and Cross-Sectional Studies (NHLBI, 610 
2019). However, we had to remove four questions that were irrelevant to our studies in focus.  611 
A third limitation of this study is the substantial heterogeneity we found between the 612 
study outcomes in the meta-analyses. We can only speculate on what caused this 613 
heterogeneity. A likely reason is that this was due to the different scales with which accuracy 614 
was measured and the different tasks and techniques applied to assess RT. Publication bias 615 
could have also contributed to the heterogeneity. However, no publication bias analysis was 616 
performed because each meta-analysis featured fewer than 10 studies.  617 
Fourth, there may be further outcomes not considered in this systematic review and 618 
meta-analysis, which may help evaluate children’s spoken language processing under 619 
acoustically challenging conditions. Examples are physiological outcomes, such as pupil 620 
dilation (McGarrigle et al., 2017), behavioural outcomes, such as SNR required for a certain 621 
performance level (Leibold et al., 2013), and neuro-psychological measures. Investigating 622 
more outcomes might have provided more extensive results (e.g., identifying neural markers 623 
of listening effort) but would have resulted in an unmanageable amount of eligible studies.  624 
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Finally, regarding the SPADE framework, it should be acknowledged that some of the 625 
moderators of the effects of noise and a speaker’s impaired voice were investigated in only a 626 
few of the included studies. An example is reverberation, which is generally known to 627 
increase the negative effect of noise on speech intelligibility (Neuman et al., 2010; Valente et 628 
al., 2012; Wróblewski et al., 2012). There may also be further moderators which were not 629 
investigated in any of the 31 reviewed studies, such as the speaker’s speech rate (Schiller, 630 
Morsomme, Kob, and Remacle, 2019), Lombard speech (Garnier & Henrich, 2014), and the 631 
presence of visual cues (Garnier et al., 2018). It will also be interesting to investigate whether 632 
non-typically developing children might be more vulnerable to acoustic degradations than 633 
typically developing children. 634 
Recommendations 635 
Listening to a dysphonic teacher in the presence of background noise is probably more 636 
difficult than listening to a healthy teacher in noise. Still, there is little research on potential 637 
interactions between noise and a speaker’s voice quality on children’s spoken language 638 
processing. The two studies that looked at this issue were conducted in the dimension of 639 
listening comprehension and did not suggest firm conclusions. Future studies should develop 640 
interventional designs incorporating both factors in an aim to close this research gap. In 641 
particular, speech perception and auditory working memory deserve more attention in this 642 
respect.   643 
More research is needed to enhance and expand the SPADE framework, which targets 644 
the shadow areas in this research field. Further studies are necessary to confirm the impact of 645 
the identified moderators and explore their strength of moderation. Other factors which might 646 
influence children’s spoken language processing under adverse listening conditions should 647 
also be assessed. For example, it is still uncertain to which degree children’s executive 648 
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functioning skills may predict children’s ability to process a speaker’s impaired voice 649 
(Lyberg-Åhlander, Holm, et al., 2015). Moreover, it is important to understand if children’s 650 
processing of impaired voice may be moderated by the type of dysphonia, reverberation time, 651 
children’s age, or their language proficiency. Regarding noise, more clarity is needed 652 
concerning the influence of reverberation (i.e., does reverberation rather lead to interaction 653 
effects or additive effects?). We hope that researchers will set out to investigate these aspects 654 
and complete the SPADE framework. 655 
The SPADE framework may be useful to researchers, but also policy makers in the 656 
field of education. It may help psycholinguists, speech pathologists, and pedagogues to better 657 
understand spoken language processing areas susceptible to acoustic degradations and to gain 658 
an overview of listening tasks conducted in the past. Educational policy makers may use the 659 
framework to develop strategies to improve listening conditions in classrooms. For example, 660 
with regard to noise, a strategy could be to ensure that the youngest pupils are taught in the 661 
quietest classrooms.  662 
Conclusion 663 
In this systematic review and meta-analysis, we presented evidence for the adverse 664 
effects of noise and a speaker’s impaired voice on children’s spoken language processing. An 665 
evaluation of findings from listening tasks revealed that children make more processing errors 666 
and tend to take more time to process speech when the speech signal is acoustically degraded. 667 
By synthesizing and classifying results for the included studies in the SPADE framework, we 668 
illustrated that impediments may affect speech perception, listening comprehension, and 669 
auditory working memory, and are moderated by other factors such as a listener’s age or their 670 
language proficiency. Due to a lack of studies, we were unable to determine the combined 671 
effect of noise and a speaker’s impaired voice on children’s spoken language processing. 672 
Future research in this domain is necessary to predict the challenges faced by school-aged 673 
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children when listening and communicating in classrooms and to identify benchmarks to 674 
ensure quality communication.   675 
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younger children. 
Speech-shaped noise 
and babble noise were 
more detrimental than 




N = 480  













ranging from –6 




decrease as SNR de-
creased. Descriptively, 
noise was particularly 
detrimental for 
younger children.  
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Study Study 
population 


















N = 20  
(15 ♀) 
Age = 10-
17 (M = 
13;3) 
Word 




Individual testing in a 
sound proof booth and 
room with moderate 
reverberation times 





No added noise 
–5 dB SNRc 





decrease as SNR 
decreased. Sign. RT 
increase from no 
added noise to –5 dB 
SNR. No interaction 
between SNR and 
reverberation time on 





N = 159  
(75 ♀) 
Age = 11-


























No added noise 







noise more impeding 
than traffic noise. 
Regarding RT: 11- 
and 12- but not 13 
year-olds slower in 
classroom noise than 
traffic or no noise. 
Sentence-picture 
matching: 
No sign. effect on 
performance. Sign. 
RT increase in 
classroom noise but 
not traffic noise. 
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Study Study 
population 




















N = 94  
(45 ♀) 





the first test) 
Speech 
perception 







No added noise 





decrease and RT 
increase. Sign. 
interaction regarding 
RT: Repeating the test 
increased RTs in noise 




N = 20  
(11 ♀) 

























Individual testing, no 
room specifications 




No added noise 





decreases in all tasks. 
In passage 
comprehension, noise 
had the most negative 







N = 32  
(19 ♀) 
Age = 8-10 





Individual testing in a 







+6 dB SNR 




decrease at lower 
SNR. 
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Study Study 
population 


















N = 290 
(145 ♀) 
Age = 9-13 
(M = 10;6) 
 
Odd one out 
(identifying the 
odd word in a 
list of 3) 
Speech 
perception 
Group testing in an 
acoustically treated vs. 
untreated chamber 









No added noise 
45 dB(A) noise 
SPL 
60 dB(A) noise 
SPL 
33 dB(A) noise 
SPL 





between noise SPL 
and noise source: at 
45 dB(A), multi-talker 
babble was more 
impeding than traffic 
noise; at 33 dB(A), 
multi-talker babble 
was more impeding 
than traffic noise and 
music; at 48 dB(A), 
multi-talker babble 







N = 57  
(25 ♀) 
Age = 8-9 










Individual testing in a 
quiet room at school 














Word recall: no effect 
Chui & 
Ma (2018) 
N = 134  
(70 ♀) 





















decrease for impaired 
voice, but no effect of 
severity. 
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Study Study 
population 




















N = 86  
(43 ♀) 







Individual testing in a 
quiet room at school 










No overall effect, but 
sign. performance 
decrease for more 






N = 93  
(52 ♀) 







Individual testing in a 
quiet room at school 




Healthy voice  
Moderately 
impaired voice  
(speech merged 
with multi-talker 




No overall effect, but 
in the impaired voice 
condition, children 
with better working 
memory capacity 
performed better for 
easier items, while in 
the normal voice 
condition, they 
performed better for 
more difficult items.  
Morsomm
e et al. 
(2011) 
N = 68  
(34 ♀) 
Age = 8  


























decrease for impaired 
voice, particularly for 
discrimination task. 
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Study Study 
population 



















N = 24 











Individual testing in a 
quiet room at school 


















N = 107  
(52 ♀) 

























decrease for impaired 




N = 93  
(52 ♀) 







Individual testing, no 
room specifications 






impaired voice  
(speech merged 
with babble 
noise at +10 dB 
SNR) 
RT Sign. RT increase, but 
only for girls. 
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Study Study 
population 





















N = 18  
(14 ♀) 
Age = 9-12 







Individual testing in a 
quiet room at school 








no added noise 
Healthy voice, 












decrease for noise. No 
effect of impaired 




N = 49  
(27 ♀) 
Age = 7-12 






























for noise. No effect of 
impaired voice. No 
interaction. 
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+5 dB SNR 
multi-talker 
babble 
Note. Color codes were used to highlight noise studies (no color), voice studies (light grey), and studies on the combined effect of noise and impaired 
voice (dark grey). Speech-shaped noise = steady-state signal that matches the spectral characteristics of speech; Multi-talker babble = babble noise 
created from several talkers (usually not intelligible); SNR = signal-to-noise ratio; RT = response time.  
aWord repetition measured in dual-task design. The secondary task was a visual task.  
bAfter children listened to passages in noise, children were presented with images depicting target and distractor words. Word recall was tested by 
asking the children whether or not these words were presented in the passage.  
cSNRs represent estimated values due to the method by which they were obtained.  
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Table 2: Effects of Noise on Children’s Answer Accuracy in Listening Tasks as a Function of SNR 946 





 Cohen’s d [95% CI] z-value p-value  I² p-value 
Noise (SNR bins)          
+6 to +10 dB 5 130  –0.67 [–0.92; –0.42] –5.24 < 0.01**  0% 0.93 
+1 to +5 dB 5 156  –1.20 [–2.00; –0.40] –2.94 < 0.01**  90% < 0.01** 
0 dB 7 371  –1.74 [–2.60; –0.88] –3.96 < 0.01**  95% < 0.01** 
–1 to –5 dB 5 131  –2.24 [–3.82; –0.65] –2.77 < 0.01**  96% < 0.01** 
–6 to –12 dB 3 70  –2.65 [–4.10; –1.21] –3.60 < 0.01**  89% < 0.01** 
  947 
58 
REVIEWING THE EFFECTS OF POOR LISTENING CONDITIONS 
Table 3: Effects of Impaired Voice on Children’s Answer Accuracy in Listening Comprehension Tasks and Auditory Working Memory Tasks 948 





 Cohen’s d [95% CI] z-value p-value  I² p-value 
Impaired voice          
Listening  
comprehension 
9 545  –0.35 [–0.59; –0.11] –2.82 < 0.01**  73% < 0.01** 
Auditory working 
memory 
2 81  –0.13 [–0.72; 0.46] –0.42 0.67  67% 0.08 
Note. The dimension of speech perception is not featured as it was assessed in only one study (Morsomme et al., 2011).  949 
59 
REVIEW ON THE EFFECTS OF NOISE AND IMPAIRED VOICE 
 
Figure 1. PRISMA Flow Chart Depicting the Study Selection Process  950 
  951 
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Figure 2. Study Quality Assessment Using the Quality Assessment Tool for Observational 952 
Cohort and Cross-Sectional Studies (NHLBI, 2019) 953 
 954 
Note. Questions 6, 7, 10, and 13 were not applicable for our studies of interest and removed.  955 
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Figure 3. The Speech Processing under Acoustic DEgradations (SPADE) Framework 956 
 957 
Note.  The two types of acoustic degradations, speaker’s impaired voice (arrow on the far left) 958 
and background noise (arrow on the far right), may disrupt children’s spoken language 959 
processing (grey box in the center) in terms of speech perception, listening comprehension, 960 
and auditory working memory (overlapping circles).  Moderators of these effects are 961 
presented in the two vertical squares.  They refer to the listener (yellow), the task (blue), the 962 
environment (green), and the exposure (orange).  The list of moderators is solely based on 963 
significant interactions revealed across the 31 studies included in this systematic review.  964 
There are likely more factors that can act as moderators, such as type of dysphonia (e.g., 965 
roughness vs. breathiness).  Moreover, certain factors that moderated the effect of noise might 966 
also moderate the effect of a speaker’s impaired voice (e.g., children’s age or reverberation).  967 
Future works are required to complete the SPADE framework. 968 
